We develop a simple, intuitive picture of the effects, in the Drell-Yan process, of initial-state interactions between the projectile and the target. For purposes of illustration, we present specific analyses in terms of a nonrelativistic QED model. However, our principle conclusions are valid in QCD as well. We show that initial-state interactions lead to an increase in the average of the square of the transverse momentum of the lepton pair that is proportional to the length of the target, and we also demonstrate that initial-state interactions can invalidate the parton-model (factorized) form of the cross section unless the beam energy is greater than a scale that grows with the length of the target.
Introduction
.
The QCD-improved parton model is an extraordinarily powerful tool for analyzing high energy hadronic processes. However one must take care not to take parton-model pictures too literally. Consider for example the Drell-Yan process,l pp + 1 + I+ X, where
Zf is a lepton-antilepton pair and X represents any other final-state particles. Factorization theorems21314*5 tell us that, when the invariant mass of the lepton pair is large, the cross section for this process can be written in the parton-model form: where the sum is over all quarks and anti-quarks, G,/, is the distribution function for finding parton q in hadron p, o,~,,T+~ is the hard sub-process cross section (including QCD radiative corrections), and Q is the momentum of the lepton pair. At first sight the expression (1.1) seems highly intuitive; but taken literally it seems to imply, remarkably, that the p from the anti-proton does not interact with spectator partons in the proton. If we replace the proton by a U 233 nucleus, this expression suggests that the q is unaffected by its passage through the nucleus en route to annihilation on, say, the back face of the nucleus.
Consequently all nucleons in the nucleus participate equally in the process. There is no nuclear-induced energy loss for the incoming parton, and there is no shadowing. Insofar as nucleon-nucleon interactions can be neglected, the cross section then must grow linearly with A, the number of nucleons in the target.
Is this still true if we replace the nucleus by a lead brick? What happens to the ij as it passes through a large nucleus? Are there really no "initial-state interactions"
between the beam partons and spectators in the target ? In fact QCD implies that there are initial-state interactions in the Drell-Yan process, including active-spectator initialstate interactions.
(Here, and throughout this paper, we use the term "active-spectator initial-state interactions" to refer to initial-state interactions between an active parton in one hadron and a spectator parton in the other hadron.) However, for purposes of computing do/dQ2 or da/(dQ2dQl), initial-state interactions involving target spectator partons are universal in that their contribution does not depend upon details of the beam particle's structure. Consequently, the effects of initial-state interactions involving targetspectators may be absorbed into the target's distribution function, and so are usually not distinguished from other effects related to the target's structure. In this paper we isolate initial-state interactions involving an active parton from the beam and a spectator parton from the target from these other effects so as to explore the experimental consequences of such interactions. We show how these active-spectator initial-state interactions affect such things as the transverse momentum of the lepton pair. We also demonstrate that in very long targets, whose length is greater than a scale set by the energy of the incoming parton, initial-state interactions involving spectators in the target destroy the (factored) parton picture, thereby reducing the cross section at fixed Q2. Such nuclear effects arise in virtually all inclusive hadronic processes. There we also explore the implications of our analysis for the hadronic Drell-Yan process,
and for a variety of other hadronic reactions; and we examine experimental evidence for active-spectator initial-state interactions.
In some instances the results we present have actually been derived more generally in the proofs of the factorization theorems. However, our purpose in this paper is not to offer a rigorous proof of factorization, but rather to develop a simple, intuitive picture . of the physics of initial-state interactions.
Although some of the physical consequences of initial-state interactions have been analyzed previously,6 the earlier analyses are incomplete in that they focus on the so-called "Glauber" region. As a result, these previous analyses are inconsistent with the factorization theorems . 7 In this paper, we show that the physical consequences of initial-state interactions described in the earlier work survive in a complete analysis, and, hence, fit within the framework provided by the factorization theorems.
Qualitative Analysis

Elastic Interactions -
The simplest QED analogue for the Drell-Yan process is the positron-hydrogen reaction:
The lowest order amplitude for this reaction is shown in Fig. 2(a) . We work in the atom's rest frame, denoting the electron's mass and momentum by m and k' = (Ic, ZL), the proton's mass by M, and the positron's momentum by P = (P, Gl). The invariant mass of the lepton pair is If the positron annihilates at zr the total phase is -where the last integral is over the path followed by the positron on its way to annihilation.
Thus the atomic wave functions in (2. Since ($2) grows like L, the minimum beam energy required for factorization grows like L2 oc Ai13.
If the target length condition of (2.11) is satisfied, then one must look beyond da/dQ2 in order to see the effects of active-spectator initial-state interactions.
A sensitive -quantity is the distribution in &I of the lepton pair. Initial-state interactions broaden this distribution: the positron receives small random kicks in $1, executing a random walk in $1 space, and then passes its accumulated transverse momentum on to the lepton pair.
Thus one expects an increase in (Qt) f or molecular targets as compared to atomic targets, the increment growing with the length L of the target:
One can be more systematic in computing this effect. With &I fixed, the interfering annihilations need no longer be at the same impact parameter, and so the eikonal phases no longer cancel. As a result one is left with phase factors such as Note that these effects are gauge independent. The phase UI ((2.13)) can be made manifestly gauge invariant by redefining it as ie SC1 A'dz, (2.17) where the contour Cl ranges from (z, 21) = (-00, &) to (21, 211) to (~1, ,221) and finally to (-co,,Z2~). The extra piece that must be added to (2.13) to give (2.17) changes none of our conclusions. In fact this piece is -negligible for our target, since it is proportional to the 3-vector potential, which, is suppressed by a factor of (V/C) < 1 associated with either the nucleus or the electron.
We should note that it is only because the photon is a vector particle that activespectator initial-state interactions can have any effect to leading order in l/s. From the positron's point of view, the time available for an interaction is very short-i.e., of order Lm2/s once the Lorentz contraction of the target is taken into account. It is only because the amplitude for scattering via vector-exchange grows linearly with s that there is a finite probability of an interaction as s -+ 00. Were the photon a scalar particle, all activespectator initial-state interactions would be suppressed by m2/s.
Inelastic Interactions
Elastic active-spectator initial-state interactions have a negligible effect on the positron's longitudinal momentum. However, it is well known that bremsstrahlung induced by low-p* scattering can greatly deplete the longitudinal momentum of a high-energy i positron. In order to illustrate some of the issues involved, let us consider the forward radiation induced by a soft scattering from a Coulomb potential. The lowest-order amplitude, which corresponds to the two diagrams of Fig. 3(a) , spectator initial-state interaction followed by the annihilation (Fig. 6(b) )? The components of the incoming state I~)rh~~ for which ql is large compared with II are undisturbed by the collision, and all of the radiation can be associated with the positron's distribution function or with radiative corrections to the basic process. However, the components of the incoming state for which ql is of order II are disturbed by the collision, and, given enough time, additional radiation would develop in the resulting outgoing state. By the uncertainty principle, the light-cone time AT (7 = t + z) required to resolve a change in the state grows with the beam energy: 3. Detailed Analysis
Introduction
To illustrate the issues raised in Section 2, we now examine in detail the positronhydrogen Drell-Yan process in QED, using Coulomb gauge in the atomic rest frame. The cross section is largest when Q2 and x are such that only nonrelativistic momenta need flow through the wave function. We restrict our discussion to this case. We also treat the electron, positron, and proton as point-like scalar particles. This choice of model is advantageous for several reasons:
l There are four small parameters in the model: m2/Q2, (V/C) for the electron in the atom, (V/C) for the proton in the atom, and cx the QED fine structure constant.
Usually we compute only to leading order in each of these small parameters, although the Coulomb potential is treated to all orders. This greatly simplifies the analysis. The coupling of transverse photons to the constituents of the atom is always suppressed by at least a factor of (V/C). Th us all radiation is emitted by the projectile to leading order in (V/C). 
Elastic Interactions
The lowest order (in (Y) contribution to our Drell-Yan process was analyzed in Section 2 ( (2.4) ). Th e simplest diagram with an interaction between the positron and a spectator (i.e., the proton) is shown in Fig. 4(a) . Th is contribution is identical to that in lowest order ((2.4)) but with $(z) replaced by
Here i= (Z,iL), and the last factor is just the propagator l/(Einitial -Eintermediate + ;E) in time-ordered perturbation theory. We neglect i relative to P since the magnitude of i is Fourier transforming this expression, one obtains the proton's contribution to the secondorder term in the expansion of (2.9). Higher-order terms follow in an obvious fashion from graphs such as those in Fig. 4(c) .
There is a variety of other diagrams at the two-loop level and beyond (Fig. 5) ) but for the most part these are negligible in our model. Coulombic interactions involving seagullvertices or Z-graphs (Fig. 5(a) ) are always down by l/P or (v/c). Active-spectator initialstate interactions involving the exchange of a transverse photon (Fig. 5(b) ) are suppressed by a factor of (v/c), th' IS coming from the photon-atom coupling. Diagrams with an activespectator initial-state interaction followed by interactions within the target (Fig. 5(c) The eikonal approximation used in going from (3.1) to (3.2) breaks down for long targets. This breakdown is most easily analyzed in the limit of infinite proton mass M.
Then the set of diagrams in Fig. 5(d) combines naturally with the one-loop diagram in Fig. 4(a) . Th e net effect is to replace the energy denominator in (3.1) by
where fiato, is the Hamiltonian operator for the atom. (The kinetic energy part of gGtorn is already present in (3.1); the remaining diagrams introduce the potential energy term.)
Since (E -fia,,,)$ = 0 (Ref. ll), th e energy denominator may be further simplified to
Thus, the deviation from the eikonal form -1 + ic is suppressed by l/P rather that l/m.
This deviation is negligible provided that the wave function in (3.1) is insensitive to shifts in 2 of o(ij/P).
By the uncertainty principle this is true for an atom of length L only if 5;" pL<l. (3.6) This is precisely the condition ((2.11)) derived in Section 2.
Inelastic Interactions
All radiation comes from the positron to leading order in (V/C) in our model. Consequently there is only one diagram to leading order in Q (Fig. 6(a) The main point here is that the entire contribution to the cross section from this diagram can be put into the factored form (1.1); and therefore the radiation associated with the beam particle is unaffected by the target.
We now consider the lowest-order diagrams that involve both active-spectator initialstate interactions and radiation. There are two amplitudes that contribute (Fig. 6(b) ). In the first, the wave function is replaced by w -Q) 1 (39) .
We again neglect i relative to P in these amplitudes. When ql is large compared with II, the expressions (3.8) and (3.9) simplify and combine to give a factored amplitude:
[ -i-$+k]-')r (py) [G-2(Eq) +if'}. (3.10) This is just the expected factored form: the expression (3.10) contains the amplitude for an elastic active-spectator initial-state interaction ((3.1)) multiplied by the amplitude for a one-photon correction to the basic Drell-Yan process ( (3.7)). The factorization of the amplitude (3.10) can be generalized to all orders in (Y. For example, in second order in the active-spectator interaction, one would need to combine the diagrams shown in Fig. 6(c) in order to obtain the factored form.
Usually, the amplitudes (3.8) and (3.9) combine into the factored form (3.10) when ql is small as well. Provided that the target length condition ((3.6)) is satisfied, all terms of order qi/P M 2:/P can be neglected in the denominators, and the factored form results.
However factorization fails when the target is very long. In that case one expects radiation beyond that which is accounted for in the factored cross section (1.1). This additional radiation can carry off an arbitrarily large fraction of the positron's (longitudinal) momentum, greatly reducing the Drell-Yan cross section at fixed Q2.
Conclusions and Applications
A rather simple picture emerges from our study of initial-state interactions in DrellYan processes in QED. There are important active-spectator initial-state interactions in QED because the interactions proceed via the exchange of a vector particle, the photon.
The main observable effect of these is to broaden the transverse momentum distribution of the beam particles. The broadening of the projectile transverse-momentum distribution has no effect on the cross section da/dQ2, since that cross section contains an integration over the transverse momentum of the lepton pair. However, in da/(dQ2dQ:) the &I distribution of the lepton pairs is affected by the active-spectator interactions, with the change in (Q:) g rowing linearly with the length of the target. When the target is very long-L > P/(pi2)---'t 1 can resolve the destructively interfering amplitudes for the emission of collinear radiation before and after an active-spectator initial-state interaction. Then . spectator-induced high-energy collinear radiation occurs, destroying the parton-model factorization of (1.1). Such radiation seriously degrades the effective energy of the beam particles, and, hence, significantly reduces the Drell-Yan cross section at fixed Q2. This type of phenomenon is familiar to experimentalists who routinely deal with the consequences of thick-target radiation.
Although the discussion we have given in this paper is couched in terms of a weakcoupling nonrelativistic model, our principal conclusions are based on the following results:
the factored form of the cross section at large Q2 ((l.l)), the eikonal expression for the parton distributions ((2.5)), and the target length condition ((2.11)). All of these results can be derived in QCD as we11.2l3 Hence, we exp ect the phenomena that we have uncovered to play a role in hadronic collisions as well.
As we have emphasized, an important consequence of active-spectator initial-state interactions is that one expects A-dependent broadening of the &I distribution for Drell- where zb is the momentum fraction carried by the beam quark, II is a typical hadronic scale, and we have neglected the quark mass. The Drell-Yan cross section is significantly reduced if P is below this value. Of course there are many competing mechanisms with -the Drell-Yan process at low Q2, so this effect may not show up except in the very largest nuclei. From (4.3) we see that the Drell-Yan formula could well fail for a u233 target even when Q2 is as large as 10 or 20 GeV2/c 2. On the other hand, if one were to collide nuclei at the SSC, with a typical center of mass energy 20 TeV, the target-length condition of (2.11) would be satisfied for nuclei up to about 10m5 cm in length-almost a macroscopic size.
As we have seen, the study of initial-and final-state interactions in hadronic collisions leads us to confront many of the implications of the full QCD gauge-field theory of the strong interactions.
In so doing, we explore our partonic pictures of high-energy processes, both by discovering new phenomena that are not contained in the naive parton model and by revealing the range of validity of the partonic framework itself. 
